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Clean Air Act Amendments have required refinery operations to provide oxygenated gasoline in order to "fill the octane gap" and "reduce" carbon monoxide emissions and smog in the nation's most polluted areas. Currently, ethanol and methyl tert-butyl ether (MTBE) are the two oxygenated fuels most widely used in Federal and California reformulated gasoline, and winter oxygenated gasoline in the Western United States. Ethanol may be considered as the attractive oxygenate over lvlTBE as ethanol produced from biomass is a renewable fuel while MTE3Erequires isobutene, a fossil fuel, for synthesis, and ethanol has roughly double the oxygen content than MTBE on an oxygen to carbon basis.
There are fundamental and p~actical reasons for examining the oxidation of ethanol. Approximately, 6 to 10 volume percent of reformulated gasoline consists of ethanol as required by current federal and state urban air quality standards. As regulations on pollutant emissions become stricter, the amount of oxygenated fuel like ethanol in gasoline could increase. Therefore, we need a full understanding of the reaction pathways by which ethanol is oxidized and of the pollutant species that it may produce. This understanding will allow industry and regulatory agencies to better evaluate the feasibility and relationship between the combustion process and pollutant emissions when using ethanol.
The objective of the current study is to develop and validate a detailed chemical kinetic model for ethanol combustion by comparison with ignition delay data, Iaminar flame speed data, and species profiles from ethanol oxidation in a flow reactor. Reaction pathway and sensitivity analysis are used to help identify those reactions and their accompanying rate constants that exhibit a strong influence on the ethanol oxidation process.
Discussion on the Computational Models and the Detailed Chemical Kinetic Mechanism Development
The modeling computations were performed using the CHEMKIN-11 software [1] . The SENKIN code [2] was used to calculate ignition delays in a shock tube and to study fuel oxidation in a turbulent flow reactor. The ignition delay calculations were performed assuming a constant density gas behind the reflected shock, while the flow reactor calculations were performed at constant pressure with the additional constraint of using the experimentally measured temperature profile. The Iaminar flame speed calculations were performed using the PREMIX code [3] for freely propagating flames. These computations require the flame front to be one-dimensional with no heat loss to the surroundings. The central differencing technique was used in the numerical integration of the Iaminar flame speeds at 0.1 MPa, and for pressures greater than 0.1 MPa, the upwind differencing scheme was used. Thermal diffusion was included in the calculations.
The thermodynamic properties for the species used in this study were primarily obtained from the CHEMKIN thermodynamic database [4] , and Burcat and McBride [5] . Thermodynamic properties for those species not found in the . q exists at elevated temperatures on the relative rates. of l-l-atom abstraction from these species. Furthermore, propane and methanol exhibit very similar O-H and C-H bond strengths as found in ethanol. We find the O-H (104kcal/mol) and secondary C-H (96-98kcal/mol) bond strengths in ethanol, as shown in the diagram below, to be very similiar to the C-H (96-98kcal/mol) and O-H (104kcal/mol) bond strengths found in methanol while the primary (1OOkcal/mol)) and secondary (98kcal/mol) C-H bond strengths in propane are very similiar to that found in ethanol. The similarity in bond strengths between the model compounds and ethanol allows for a set of equations to be developed and solved using the relative rates of H-atom abstraction found for each model compound and constrained by the overall reaction rate exhibited in the H-atom abstraction process for ethanol. The reaction path degeneracy associated with the number H-atoms available for abstraction between ethanol and the model compounds were included in the branching ratio calculations. This branching ratio estimation procedure was also adopted for Habstraction reactions involving C2H50H and O-atom, H-atom, and the methyl radical. Analysis of the branching ratio values for acetaldehyde (CH3HCO) was also performed, and will be discussed in a later paper by the author.
Short Discussion on the Numerical Results

Modeling Ignition Delay h Shock Tubes
Natarajan and Bhaskaran investigated the ignition of ethanoi-oxygen- Figure 12 shows the results of the sensitivity analysis performed for the @=O.61case. The H+02=OH+0 reaction is shown to be the most sensitive reaction to the overall rate of ethanol oxidation at lean conditions, followed by CH3+H02 reaction to CH30+OH and CH4+02 products, CH3CH20 decomposition to CH3+CH20 and CH3HCO+H, ethanol decomposition, and the H-atom abstraction reaction by OH and H02 of ethanol.
The H+02 chain branching reaction exhibits a large negative sensitivity coefficient largely due to the early production of H-atom that evolves from the reaction sequence of C2H50H+OH=CH3CH20 +H20 followed by CH3CH20+M=CH3HCO+H+M. The CH3CH20 decomposition exhibits both a large positive and negative sensitivity coefficient as shown in figure 12 . The branching ratio for CH3CH20 decomposition to CH3HCO+H and CH3+CH20 products was largely determined by matching the CH3HC0, CH4 and C2H50H
profiles in the present analysis. The rate constant assigned to each reaction was verified by performing a QRRK analysis on the CH3+CH20++CH3CH20 -CH3HCO+H reaction network. The rate constant , .
choices were within a factor of two agreement with the QRRK study.
Interestingly, reaction flux analysis indicates the C2H50H+OH=CH3CH20 +H20 reaction is one of the dominant ethanol
consuming reactions yet this reaction does not appear to be very sensitive or important to the overall ethanol oxidation rate according to figure 12 . This finding is a little misleading in that the sensitivity exhibited by C2H!50H+OH=Products is largely due to the radical it produces. In the case of C2H50H+OH=CH3CH20+ H20, the CH3CH20 radical decomposes to either CH3HCO+H or CH3+CH20 were each pathway negates the other on their respective affect on the overall ethanol oxidation rate. This would explain way the C2H50H+OH=CH3CH20 +H20 reaction does not appear to be sensitive. It must be emphasized that the branching ratios selected for
C2H50H+OH=Products are very important in determining the correct product profiles found in the ethanol oxidation flow reactor studies as well as obtaining the correct overall reactivity exhibited within the chemical system. The C2H50H+OH=C2H40 H+H20 reaction exhibits a positive sensitivity coefficient as the C2H40H radical subsequently decomposes to C2H4 and OH. The regeneration of the OH radical permits an additional amount of ethanol to be consumed by OH attack. The sensitivity analysis results also show the important influence the H02 radical has on the overall ethanol oxidation rate.
Chain terminating reactions like CH3+H02=CH4+02 and H+H02=H2+02 tend to retard the ethanol oxidation process while chain branching or propagating reactions like CH3+H02=CH30+OH (followed by CH30+M=CH20+H+M) and H+H02=OH+OH tend to increase the rate of ethanol oxidation. Finally, the C2H50H+H02=CH3CHOH+ H202 reaction was shown to exhibit a negative sensitivity coefficient at lean conditions due to the chain branching that occurs through H202 decomposition. This is explained by the reaction sequence of C2H50H+H02=CH3CHOH+ H202, CH3CHOH+02=CH3HCO+ H02, followed by H202+M=OH+OH+M. The C2H50H+OH=Products branching ratio values as calculated per text discussion calculated for the 300K-2000K temperature range. kt is the overall reaction rate for C2i-i50H+Oii=Products,ĩ s the rate constant assigned to C2H50H+OH=CH3CHOH+ H20, kb is the rate constant assigned to C2H50H+OH=C2H40H+H20, and kc is the rate constant assigned to C2H50H+OH=CH3CH20+ H20. Normalized first order sensitivity coefficients of the most important reactions on the mass burning rate of lean, stoichiometric and rich ethanol/air flames at PU=O. 1MPa and TU=300K. 
